The present study was designed to investigate the genetic diversity of Plasmodium falciparum among field isolates from India. A total of 71 clinical isolates were analyzed by the polymerase chain reaction (PCR) for the amplification of repeat regions of malaria vaccine candidate antigen genes, i.e., merozoite surface antigen-1 (MSA-1), MSA-2, and circumsporozoite protein (CSP). All three genes showed variation; MSA-2 has the maximum number of 10 variant forms while MSA-1 and CSP had 8 and 6 variants, respectively. Some variant forms were more common than others among the clinical isolates. There were mixed alleles for each gene in several (27 of 71) cases. The MSA-2 gene showed the maximum number of cases with mixed alleles (22 of 65 [33.85%]) compared with MSA-1 (10 of 68 [14.7%]) and CSP (10 of 65 [15.38%]). Fifty-five (88.7%) of 62 clinical isolates of P. falciparum showed a different genotype. The malaria hyperendemic region (Orissa) not only showed the maximum number of variant forms of each gene but also the maximum number of cases with mixed alleles compared with the non-hyperendemic regions (Madhya Pradesh and Rajasthan). The presence of such large numbers of P. falciparum strains in India should be taken into account in future malaria vaccine programs.
Malaria currently remains uncontrolled despite immense efforts being made to contain the disease. The unavailability of a suitable malaria vaccine and emergence of drug-resistant parasites are further complicating the situation in tropical areas. Of the four species of human malaria parasites, Plasmodium falciparum is most lethal and causes epidemics in tropical countries. 1, 2 Although several vaccine candidate antigens of P. falciparum have been identified and characterized, the availability of a universal malaria vaccine is still a remote possibility. One reason is the antigenic variation of different geographic isolates of the parasite. The most common and widely characterized vaccine candidate antigens are circumsporozoite protein (CSP) and merozoite surface antigens-1 and -2 (MSA-1 and MSA-1). Allelic forms of these antigen genes have been reported in the literature among several laboratory and wild type field isolates from different parts of the world. [3] [4] [5] [6] [7] [8] However, there is limited information on the polymorphic nature of these genes among field isolates from India. Bhattacharya and others have shown only point mutations in MSA-2 gene among Indian laboratory and field isolates. 9, 10 In contrast, we show in this report larger deletions/additions (detected by agarose gel electrophoresis) not only for the MSA-2 gene but also for MSA-1 and CSP genes among field isolates from hyperendemic and non-hyperendemic regions of India. The present study also shows an increase in the number of variants and mixed alleles with malaria hyperendemicity.
MATERIALS AND METHODS
Patients and blood collection. Patients with fever attended malaria clinics at primary health centers (PHCs) or district hospitals. Fingerprick blood was examined for the presence of malarial parasites by light microscopy after Giemsa staining. Approximately 20 l of fingerprick blood was collected from those patients who were confirmed to be positive for the presence of P. falciparum parasites. These patients were informed in the local language about the nature of the experiments and written informed consent was obtained from each individual. The ethical guidelines of the All India Institute of Medical Sciences were followed in this study.
Blood was collected in microfuge tube containing anticoagulant acid-citrate-dextrose solution, stored on ice, and then transported to the laboratory at the All India Institute of Medical Sciences for further processing. Samples were collected during the peak malaria transmission season after the rainy season, i.e., August to October, in the Orissa (southeast), Madhya Pradesh (central), and Rajasthan (northwest) states of India ( Figure 1 ). Samples from Orissa were collected from the tribal region; the Ghatgoan PHC in the Keonjhar District, the Badsahi PHC in the Mayurbhanj District, and the district hospitals of Phulbani and Koraput. Samples from Rajasthan were obtained during a malaria epidemic and have been described in our previous studies. 1, 2 Isolation of DNA. DNA was isolated from fingerprick blood using a rapid DNA isolation method described by Foley and others. 11 Briefly, the 500 l of ice-cold 5 mM sodium phosphate (pH 8.0) was added to 20 l of blood and vortexed. After centrifugation for 10 min in a microfuge at room temperature, the supernatant was discarded. The pellet was washed twice with the same buffer by repeating the above steps of vortexing and centrifugation. The pellet was suspended in 50 l of sterile water, vortexed, and then boiled for 20 min. After centrifugation in a microfuge for 10 min at room temperature, the supernatant was collected and used in a polymerase chain reaction (PCR).
Polymerase chain reaction. Eight microliter of the above supernatant was used in the PCR in a total reaction volume of 20 l that contained 1.5 mM MgCl 2 and 0.5 units of Taq DNA polymerase. The DNA was initially denatured at 94ЊC for 10 min followed by 35 cycles of the following temperature profile: denaturation for 1 min at 94ЊC, annealing at 58ЊC (for CSP), 55ЊC (for MSA-2), or 56ЊC (for MSA-1) for 1 min, and extension at 72ЊC for 1 min. The final extension was performed at 72ЊC for 10 min. A 10-l aliquot of the PCR product was separated by electrophoresis on a 1.2% agarose gel. The primer sequences used in the present study to amplify the repeat regions of each gene have been previously described by Contamin and others 12 and are as follows: CSP forward: 5Ј-AGA GAT GGA AAT AAC GAA GAC AAC GAG-3Ј; CSP reverse: 5Ј-GTC ATT TGG CAT TAA GTG ACC TTG TCC-3Ј; MSA-1 forward: 5Ј-AAG CTT TAG AAG ATG CAG TAT TGA C-3Ј; MSA-1 reverse: 5Ј-ATT CAT TAA TTT CTT CAT ATC CAT C-3Ј; MSA-2 forward: 5Ј-ATG AAG GTA ATT AAA ACA TTG TCT ATT ATA-3Ј; MSA-2 reverse: 5Ј-ATA TGG CAA AAG ATA AAA CAA GTG TTG CTG-3Ј.
RESULTS
The PCR amplification of the repeat regions of the MSA-1, MSA-2, and CSP genes was carried out on 71 P. falciparum-infected blood samples. Sixty-eight samples showed PCR amplification for MSA-1, and 65 for MSA-2 and CSP. All three genes showed several variant forms among these clinical isolates as indicated by the presence of different PCR products ( Figure 2 ). Eight different PCR products, ranging from 350 to 510 basepairs (bp), were observed for MSA-1. There were 10 different PCR products for MSA-2 that ranged from 780 to 1,160 bp. The CSP gene had six different PCR products that ranged from 620 to 800 bp. These different PCR products of each gene were assigned numbers that represented the allele types ( Figure 2 and Table  1 ).
Twenty-seven (38%) of 71 showed a mixture of bands (doublets or triplets) for one or more than one gene. This indicated that there could be more than one P. falciparum parasite strain in the same infected individual. The MSA-2 gene showed the maximum number of cases with mixed alleles (22 of 65); 16 cases showed a doublet and six showed a triplet. Certain combinations of the MSA-2 allelic mixture were repeated in more than one individual while others were found in only one case. For example, 880 ϩ 900 bp (Type 4 ϩ 5) was found in four cases and 850 ϩ 900 bp (Type 3 ϩ 5) was found in three cases. Allelic mixtures of 800 ϩ 960 bp (Type 2 ϩ 8) and 850 ϩ 900 ϩ 960 bp (Type 3 ϩ 5 ϩ 8) of MSA-2 were found in two cases each (Table 1) . Ten cases showed the mixture of alleles for MSA-1. Most of them (9 of 10) contained a mixture of two alleles showing a doublet; only one sample showed a triplet ( Table 1 ). The allelic mixture of MSA-1 of 440 ϩ 460bp (Type 4ϩ5) was repeated in two cases. No other combination of mixed alleles of MSA-1 was seen in any other case. Similar to MSA-1, CSP also showed mixtures of alleles in 10 cases. However, there were more cases with triple alleles for CSP (7 of 10) than for MSA-1. The 620 ϩ 660 ϩ 690 bp (Type 1 ϩ 3 ϩ 5) and 620 ϩ 680 ϩ 690 bp (Type 1 ϩ 4 ϩ 5) allelic mixtures of CSP were found in 2 cases each. The remaining 6 cases with mixed alleles of CSP showed unique combinations that were not repeated in any other case (Table 1) .
Among 27 cases showing mixed alleles, only four showed the mixture of alleles for each of the three genes. Most (9 of 10) of the samples showing mixed infections for CSP alleles also contained mixtures of MSA-2 alleles. Six cases with a mixture of MSA-2 alleles also had mixtures of MSA-1 alleles.
Certain allele types were more common than others: the 680 bp (Type 4) allele of CSP and the 850 bp (Type 3) allele of MSA-2 ( Figure 3 ). The 1080 bp (Type 9) and the 1,160 bp (Type 10) alleles of MSA-2 were rare and found only in one case from Orissa. The 620 bp (Type 1) and 800 bp (Type 6) bands of CSP, the 510 bp (type 8) band of MSA-1, and the 920 bp (Type 6), as well as the 1,080 bp (Type 9) and 1,160 bp (Type 10) bands of MSA-2 were found only in samples from Orissa (Table 1 ). In Orissa, there was a predominance of more than one allele of each gene among the field isolates, whereas in other locations there was a clear preference of a single allele (Table 1) . For example, the 420 bp (Type 3) allele of MSA-1 and the 680 bp (Type 4) allele of CSP were dominant in Madhya Pradesh and Rajasthan, respectively, but not in Orissa (Table 1 ). There was no association between MSA-1 and MSA-2 alleles among the field isolates from India as reported earlier from coastal Kenya. 7 
DISCUSSION
In the present study we have shown the existence of genetic polymorphism in P. falciparum malaria vaccine can-didate antigen genes among the field isolates from India. The rate of genetic polymorphism was very high among the cases analyzed. Almost every case had a different strain or a mixture of strains of P. falciparum that has a distinct genotype(s). This is based on the fact that there were at least 55 different genotypes (allelic combinations of the three genes in each individual case) among 62 cases. Only 7 cases showed the repetition of existing genotypes. Genotyping of 9 samples could not be carried out since they did not show amplification of all three genes. There were 30 cases with a distinct combination of individual alleles of each gene and 25 cases with a combination of mixed alleles ( Table 1 ).
The maximum variation was observed in cases from Orissa. They showed the maximum number of variant forms for each gene and the maximum number of cases infected with distinctively different genotypes. Of 36 cases from Orissa, 2 samples did not show amplification for MSA-1 and thus could not be considered for genotyping. Among remaining 34 cases, 33 showed different combinations of all three genes. Therefore, only two patients showed the same genotype of. P. falciparum. This shows that nearly every patient in Orissa was infected with a different strain or a mixture of strains of P. falciparum ( Table 1 ).
The number of cases with mixed infections was also higher in Orissa (17 of 36, [47.22%]) than in the other two states combined ( alleles and 6 (60%) of 10 cases with mixed MSA-1 alleles were also from Orissa. The high rate of mixed infection in Orissa could not be attributed to the higher number of cases because the remaining 35 samples from Madhya Pradesh and Rajasthan were nearly equal to the number found in Orissa and they showed a lower rate of mixed infections. The larger number of cases with mixed infections in Orissa could further complicate the situation there because the rate of malaria transmission is high in this region. Transfer of such a parasite mixture to the mosquito may generate new strains due to genetic recombination in the vector. This could be one of the reasons why samples from Orissa showed the maximum number of alleles of each gene and also maximum number of strains. Orissa has 15-20% of the total malaria cases and 35% of the P. falciparum malaria cases in India. Plasmodium falciparum is the major cause of malaria (85%) in this state, and it has 50% of the total malaria deaths in India. 13 This is probably due to the increased number of cases of drug-resistant malaria in this state. 13 The samples from Orissa were collected from the area where most of the population (60-80%) is tribal and malaria is hyperendemic. 13 It is speculated that the new and probably drug-resistant strains will emerge at a faster rate due to the presence of mixed infections in a large number of cases. It is also speculated that there is an association between malaria hyperendemicity and the higher rate of genetic variation.
The results obtained in this study on the larger deletions/ additions in the MSA-2 gene of P. falciparum among Indian isolates are in contrast to those of the previous reports showing only point mutations in this gene. 9, 10 This discrepancy could be due to differences in either the sample sizes or the study areas. However, we observed this size variation even in our smallest sample size of 11 from Jabalpur. This sample size is similar to that of previous studies combined. 9, 10 Therefore, this discrepancy in the observations could be due to differences in sample size and site of collection.
In conclusion, the present study not only reports the variation in select vaccine candidate antigens among Indian isolates of P. falciparum but also issues a warning for future malaria vaccine programs that identification of local strain(s) requires detailed study. There is probably some association between malaria hyperendemicity and the parasite mixture as well as the number of alleles present in the area. The present study should be expanded on a larger scale to cover the entire country to map the hyperendemic and non-hyper-endemic regions. It can form part of the disease surveillance program in India.
